ABSTRACT SUTTON, W. B. (The Lilly Research Laboratories, Indianapolis, Ind.). Relationship of the hexose monophosphate shunt to the endogenous metabolism of cell-free extracts of Mycobacterium phlei. J. Bacteriol. 85:476-484. 1963.-The endogenous reduction of 2, 6-dichlorophenol-indophenol (DPIP) by cell-free extracts of Mycobacterium phlei has been linked to the presence of glucose-6-phosphate (G-6-P) dehydrogenase functioning in connection with a reduced triphosphopyridine nucleotide (TPN)-DPIP reductase. The necessary substrate and coenzyme, i.e., G-6-P and TPN, are contained in the cell-free bacterial extract. The only required addition to activate the system is a suitable electron acceptor. The accumulation of G-6-P and the presence of 6-phosphogluconic dehydrogenase in the cellfree extract suggest that the hexose monophosphate shunt mechanism is impaired by sonic treatment of 31. phlei.
Washed-cell suspensions of mycobacteria exhibit an extremely high level of endogenous respiration (Edson and Hunter, 1943; Richardson, Shorr, and Loebel, 1931) . Oxygen consumption persists for many hours and has been attributed to the oxidation of fatty acids after the exhaustion of oxidizable carbohydrate (Edson, 1951) . Cell-free extracts of mycobacteria display a less extensive endogenous respiration. The reduction in metabolic level is probably related to loss of the normal intracellular organization of enzymes (Sutton, 1954; Goldman, 1961) .
During the course of study of oxidative-enzyme systems contained in sonic extracts of Mycobacterium phlei, a rapid endogenous reduction of 2,6-dichlorophenol-indophenol (DPIP) was observed (Sutton, 1960) . No endogenous reduction could be detected when either methylene blue or neotetrazolium salts was substituted for the DPIP.
Cell-free extracts dialyzed against deionized water lost their capacity to reduce DPIP or ferricyanide endogenously (Sutton, 1960) .
The current report offers an explanation for the nature of the enzyme system and substrate involved in the endogenous reduction of DPIP by cell-free extracts of M. phlei.
MATERIALS AND METHODS
Materials. The sodium salt of triphosphopyridine nucleotide (TPN) and diphosphopyridine nucleotide (DPN), and the disodium salt of reduced DPN (DPNH) were obtained from Pabst Laboratories. The sodium salt of reduced TPN (TPNH) was purchased from Sigma Chemical
Co. Glucose-6-phosphate, disodium salt (G-6-P), fructose-6-phosphate, barium salt (F-6-P), 6-phosphogluconic acid, barium salt (6-PG), fructose-1,6-diphosphate, trisodium salt (FDP), and glucose-6-phosphate dehydrogenase from yeast were obtained from G. F. Boehringer and Soehne. Diethylaminoethyl (DEAE)-cellulose (DE-50 powder) was purchased from H. Reeve Angel and Co., Sephadex G-50 from Pharmacia, and Amberlite MB-3 from Rohm & Haas Co. All additional reagents were obtained from commercial sources.
Methods. The methods for culturing M. phlei and for sonic disintegration of washed cells have been previously described (Sutton, 1954 (Sutton, , 1955 (Sutton, , 1957 . Protein levels were determined by measuring light absorption at 280 and 260 m,u (Warburg and Christian, 1941; Kalckar, 1947) .
Enzyme assay. The cell-free extract level of endogenous oxidation was measured with 0.1 ml of 0.002 M DPIP as the terminal electron acceptor. The system required no additions and was buffered at pH 7.0 with 0.1 M potassium phosphate. The reduction was followed by measuring absorbancy at either 550 or 600 mya. All reactions were conducted in a final volume of 3 ml.
Various extracts were added to dialyzed enzyme preparations in 0. (Bessey, 1938) . In an attempt to define the situation further, an effective means of separating the enzyme system from the substrate was sought. The extract was treated with five volumes of cold acetone at 0 C. The precipitate was removed and extracted with cold methanol. The resulting cake was extracted with water. This concentrated preparation yielded, on dialysis, a metabolically inactive protein solution. Five volumes of cold acetone were added to the dialyzed solution, and the precipitate formed was removed and dissolved in water. This preparation was designated AE. When this solution was added to the inactive enzyme preparation, reactivation of the system occurred (Fig. 1A) . Both DPIP by BJE and TCAE in the presence of dialyzed enzyme, suggested that a diaphoraselike activity might be responsible for the endogenous reduction of DPIP by cell-free bacterial extract.
In this connection, DPNH or TPNH was added to the dialyzed enzyme system in the presence of DPIP (Fig. 2) . A substitution for AE is evident. Similar data were obtained with sonictreated fresh rat-liver mitochondria (Fig. 3A) . One essential difference characterizes the mitochondrial system with regard to the reduction of DPIP: a rapid reoxidation of the dye occurs after reduction (Fig. 3B ), whereas essentially no reoxidation occurs with the cell-free extract (Fig.  2 ). In addition, that part of the dye reduced with AE is not reoxidized (Fig. 3B ), but only the part reduced with DPNH.
The presence of a broad ultraviolet-absorbing band more negatively charged than the bluewhite fluorescent component was noted on the paper-electrophoresis strips developed in phosphate buffer. There appeared to be essentially no resolution of this rather broad band as observed under light of 2,537 A.
A Spinco model CP Continuous-Flow Paper
Electrophoresis System was employed to obtain larger quantities of the fluorescent components.
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Initial separations were performed in the cold with barbituric acid buffer (pH 8.6), ionic strength 0.05. The path of the various fluorescent components down the hanging curtain was followed through the polystyrene front panel with a type B Black Raymaster Lamp (3,660 A). BJE was applied at the upper left corner of a Whatman 3-mm curtain. The separation was conducted at a constant current of 80 ma. The collected fractions were freed from barbituric acid and concentrated under vacuum at 50 C. The resulting solutions were assayed with dialyzed cell-free enzyme.
Neither the blue-white nor the yellow fluorescent components activated the dialyzed enzyme system. Additional attempts to obtain an active bluewhite fluorescent component using acetate buffer (pH 5.1), ionic strength 0.1, and 100 ma of constant current from the TCAE preparation failed. It was evident that the blue-white fluorescent component with an electrophoretic mobility similar to DPNH either was inactivated, or was not responsible for the reduction of DPIP in the original system. It had been noted that several collection tubes adjacent to the positive electrode contained ultraviolet-absorbing substances. These fractions were combined and concentrated and were found to be active. The ultraviolet spectrum of this material showed peaks at 260 and 270 m,u.
Ultraviolet-absorbing component. Separation of the ultraviolet-absorbing material into several components was accomplished with a curtain electrophoresis run in acetate buffer. At least two components were detected in the fractions collected; however, only one was found to be active in the assay system. The fact that the active substance formed a fluorescent cyanide-addition product characteristic of pyridine nucleotides (Colowick, Kaplan, and Ciotti, 1951) suggested that Dowex 1 -chloride column chromatography might be used for purification (Langan, Kaplan, and Shuster, 1959) .
A column (5 by 10 cm) was prepared, and TCAE applied. After washing the column with water, elution with increasing concentrations of HCI was begun (Langan et al., 1959) . The effluent and the water wash of the column contained large quantities of polysaccharide material. The eluates containing 260-mu absorbing material were neutralized before volume reduction under vacuum at 50 C. A large ultraviolet-absorbing peak was eluted from the column with 0.1 N HCl.
The eluate was collected in three fractions. The purity was determined by paper-strip chromatography, by use of the solvent system described by Bergkvist (1957) . The saturated ammonium sulfate-isopropanol system demonstrated the presence of some weak blue-white fluorescent bands in addition to ultraviolet-absorbing components. The eluate was treated with Darko G-60, and the ultraviolet components eluted with 50% ethanol containing 1% NH40H. The carbon eluate was chromatographed, and three ultraviolet-absorbing spots were observed. Neither DPNH nor DPN could be detected. None of the spots gave a strong cyanide-addition reaction. The absence of fluorescent spots excluded the presence of reduced pyridine nucleotides. The presence of two additional, weakly absorbing spots near the solvent front on the chromatogram brought the total to five. It was apparent from the complexity of the Dowex 1-chloride-0.1 N HCl eluates that resolution had been relatively poor. It was evident, however, that the active component required for the reduction of DPIP in the presence of dialyzed enzyme could be adsorbed and eluted from both a strongly basic anion exchanger and activated charcoal. Additional studies with a variety of columns and elution schedules failed to resolve completely the ultraviolet-absorbing mixture.
Preparative paper chromatograms using Dowex 1-chloride eluates were employed to obtain extractable, as well as measurable, quantities of the five ultraviolet-absorbing components. The solvent system consisted of 0.1 M sodium phosphate buffer (pH 6.8) and n-propanol saturated with water (100:60:2). The bands were eluted with 0.1 M potassium phosphate buffer (pH 7.0), and the ultraviolet absorption spectrum was determined in acid, alkaline, and neutral systems. The ultraviolet absorption at 280 to 260 m,u and 250 to 260 m,u did not immediately suggest any particular nucleotide.
Modified boiled juice extract. A combination of the methods employed to produce BJE and TCAE was devised in an attempt to obtain a less complex but active mixture (SBE). The bacterial cell-free extract was heated in a steam bath for 10 min and then rapidly cooled. One volume of acetone was added, and the precipitate removed by vacuum filtration. Three volumes of absolute ethanol were added to the filtrate, and the pH was adjusted to 4.5 with 1 N HCI. This solution was stored at -20 C overnight. The precipitate was collected by vacuum filtration and dissolved with the aid of 1 N NaOH. The resulting greenishyellow solution was assayed for activity and frozen for storage.
SBE was chromatographed in a phosphate buffer-n-propanol system. Several ultravioletabsorbing spots were found. It is evident from the results obtained that the spots could correspond to the substances weakly absorbing the ultraviolet light present in the Dowex 1-chloride eluate after treatment with Darko G-60. In addition, the RF value 0.40 for one spot corresponded closely to that obtained with TPN.
It was observed that the capacity of SBE to reduce DPIP in the presence of dialyzed cell-free extract was lost when the solution was treated with Permutit DR (The Permutit Co.). This special resin had a very high color-component adsorbing capacity and effectively removed the greenish-yellow color from SBE. No activating component could be eluted from the Permutit DR. The color of the SBE solution could also be removed with Sephadex G-50. The addition of a neutral solution of SBE to Sephadex resulted in the formation of a precipitate at the upper level of the column. Elution of the column with water yielded a yellow solution. This was concentrated under vacuum at 50 C. The eluate, when combined with the Permutit DR effluent and added to the dialyzed cell-free extract, reduced DPIP. The system failed with either the eluate or the effluent alone. The Permutit DR effluent did not contain ultraviolet-absorbing components; however, they were demonstrated by paper chromatography in the Sephadex eluate. This perhaps fortuitous separation demonstrated that at least two distinct components were required to reactivate the system.
Identification of ultraviolet-absorbing component. The investigation at this point demonstrated that one or more of the several ultraviolet-absorbing components was required for activity in the reducing system. The presence of TPNH and DPNH in SBE was ruled out. This, in turn, invalidated the view that the endogenous reduction was simply a matter of a DPIP reductase functioning with either TPNH or DPNH. The immediate need was to determine the exact nature of the required ultraviolet-absorbing component. Chromatography data suggested that TPN might be this required component.
A sample of SBE was treated with Permutit DR, and the effluent added to a partly purified 4B . Reduction of TPN with G-6-P dehydrogenase from Mycobacterium phlei eluted from DEAE-cellulose. The cuvette contained either 0.1 ml of G-6-P dehydrogenase from yeast (6.4 X 10-4 mg of protein) or from M. phlei (14.3 X 10-3 mg of protein); 0.6,mole of TPN; 10 pmoles of MgCl2; 10,moles of G-6-P or 0.1 ml of SBE-MBS; other additions as in A above except that 0.1 M SOdium phosphate buffer was employed. 0, G-6-P dehydrogenase (yeast) plus TPN and SBE-MBS; 0, G-6-P dehydrogenase (yeast) plus TPN and G-6-P; A, G-6-P dehydrogenase (M. phlei) plus TPN and G-6-P; A, G-6-P dehydrogenase (M. phlei) plus TPN and SBE-MB5. enzyme preparation. The details for enzyme purification will be presented in a later section. The reaction mixture was completed by the addition of TPN and DPIP (Fig. 4A) . It is evident that TPN and, to a lesser extent, DPN met the requirement for system reactivation. It was not possible at this time to measure the 340-m,u peak, owing to the presence of interfering substances.
Identification of the oxidizable substrate. The Permutit DR effluent was examined by spotting the solution on filter paper and following the reaction of the spots with various spray reagents. A tan color was obtained with anisidine HCI reagent (Hough, Jones, and Wadman, 1950) , suggesting, among other sugars, the heptoses. (Noggle, 1953) . Aniline hydrogen phthalate gave a brown spot on the paper (Partridge, 1949) . Of particular interest was the positive anthrone test (Dreywood, 1946) . Chromatograms used to detect the presence of ultraviolet-absorbing components were sprayed with anisidine or analine hydrogen phthalate. On heating the paper, a brown spot developed at the solvent front area, indicating the presence of aldohexose. Bartlett (1959) The eluates were examined for the presence of sugar phosphates by the paper chromatography method of Mortimer (1952) . Two solvent systems were used: ethyl acetate, acetic acid, and water; and methyl Cellosolve (Union Carbide Corp.), methyl ethyl ketone, and NH40H. Whatman no. 1 paper was prewashed with 1 N HCl. The carbohydrates were located with aniline hydrogen phthalate (Partridge, 1949) , orcinol-trichloroacetic acid (Noggle, 1953) , and the Hanes-Isherwood (1949) reagent for sugar phosphates. In the last case, the paper was exposed to ultraviolet light from a model SL-2537 Mineralight without the short-wavelength filter in place after the Hanes-Isherwood reagent had dried.
The eluates were compared with G-6-P, F-6-P, FDP, and 6-PG. A blue spot corresponding closely to that obtained with G-6-P was found. The separation was not completely satisfactory, owing to the presence of relatively large amounts of inorganic phosphate. The presence of a phosphorylated carbohydrate was tentatively established. Absolute identification remained to be determined. The ketoheptulose present in SBE was identified as sedoheptulose.
A partly purified enzyme preparation reacted with several sugar phosphates in the presence of TPN. The extent of the reaction was measured as an increase in the 340-mA peak (Fig. 5A ). Activity was observed with G-6-P, F-6-P, and 6-PG. The greatest rate of reduction was observed with G-6-P. DPN reduction with G-6-P was limited (Fig. 5B ). The activity with both 6-PG and G-6-P suggested the presence of hexose monophosphate shunt enzymes in the partly purified enzyme preparation.
A commercial preparation of G-6-P dehydrogenase from yeast reacted with concentrated solutions of the Dowex 1 eluates in the presence of added TPN; an increase in the 340-m, peak was recorded. The enzyme preparation exhibited essentially no activity with 6-PG. The dehydrogenase preparation contained phosphoglucoisomerase. The activity of G-6-P dehydrogenase with the eluates established the presence of G-6-P. The presence of F-6-P had been ruled out on chromatographic evidence. The presence of 6-PG in the eluates remained in doubt.
A sample of SBE was treated with Amberlite MB-3 mixed-bed ion-exchange resin. The active effluent (SBE-MB3) was examined by thin-layer chromatography with cellulose and silica gel coatings. The Hanes-Isherwood reagent was used to locate sugar phosphates. RF values obtained in the methanol, formic acid, and water system of Bandurski and Axelrod (1951) established that the sugar monophosphate functioning as the oxidizable substrate was G-6-P. The SBE-MB3 was assayed with commercial G-6-P dehydrogenase (Fig. 4B) . It was estimated that each liter of crude cell-free bacterial extract could contain at least 2 g of G-6-P.
Purification of enzyme systems: preliminary fractionation. Enzymatic activity of the dialyzed cell-free bacterial extract was measured by recording the reduction of a fixed amount of DPIP in the presence of an excess of G-6-P and TPN. The enzyme preparations were diluted in such a manner that a first-order reaction was obtained during the first 3 min of the reaction. After the TPN requirement had been established, the assay reaction mixture was supplemented with 0.1 M MgCl2, and formation of TPNH measured.
The crude-enzyme preparation was fractionated along lines similar to those described by Sutton (1954 Sutton ( , 1955 Sutton ( , 1957 for the isolation of lactic oxidative decarboxylase (LOD) from M. phlei. The initial acid-precipitation step was omitted. Considerable difficulty was experienced in defining units of activity and determining specific activities during the course of the preliminary purification. The majority of the activity, i.e., the TPNH-DPIP reductase and G-6-P dehydrogenase, accompanied LOD through the preliminary fractionation steps, but remained in solution when LOD was precipitated at pH 5.1 (Sutton, 1957) . The deep reddish-brown supernatant solution was 60% saturated with solid ammonium sulfate. The precipitate formed was removed and dissolved in 0.1 M potassium phosphate buffer (pH 7.0). The brown color is in part associated with a hydroperoxidase (Sutton, 1957) .
The activity of the enzyme mixture was determined. It was evident from the data that the preparation contained G-6-P dehydrogenase and 6-PG dehydrogenase, and a TPNH-DPIP reductase (Fig. 5) . A divalent ion requirement was established for G-6-P oxidation. A yellow band was eluted in the pH range of 5.80 to 5.56 (Fig. 6, peak A) . This yellow protein oxidized TPNH in the presence of added DPIP. No G-6-P dehydrogenase activity was observed. The four principal fractions contained a total of 229 mg of protein. A colorless protein was eluted in the pH range of 5.38 to 5.08 (Fig. 6, peak B) . These six fractions had only G-6-P dehydrogenase activity and contained 115 mg of protein.
The fractions comprising peak C (Fig. 6 ) were slightly cloudy. No enzymatic activity has been assigned to this material. The rather broad peak (Fig. 6, peak D ENDOGENOUS HEXOSE MONOPHOSPHATE METABOLISM exhibited a strong 6-PG dehydrogenase activity in addition to the hydroperoxidase. A yellow protein band at the top of the column was not eluted with the schedule used. The 6-PG dehydrogenase appeared to be rather unstable. A 30% loss of activity was observed on reassay of frozen samples (-10 C for 3 days). In addition, these fractions exhibited low levels of G-6-P dehydrogenase activity when combined and precipitated with ammonium sulfate. Similar results were obtained with subsequent DEAE-cellulose columns. DISCUSSION It has been established that vigorous endogenous reduction of DPIP by cell-free extracts of M. phlei can be attributed to the presence of G-6-P dehydrogenase accompanied by a TPNH-DPIP reductase. The necessary substrate and coenzyme, i.e., G-6-P and TPN, are also contained in the cell-free bacterial extract. The only required addition to activate the system is a suitable electron acceptor.
It would appear that sonic treatment of the M. phlei cells produces sufficient disorganization of enzyme function to permit an accumulation of G-6-P. Addition of the artificial electron acceptor, DPIP, permits G-6-P dehydrogenase to become functional in the presence of TPNH-DPIP reductase. A rapid reduction of the electron acceptor ensues as a constant supply of TPN is made available to the dehydrogenase.
Just how great a contribution the 6-PG dehydrogenase, also found in the cell-free extract, makes to the TPNH pool was not determined. Any contribution would depend on the availability of gluconolactonase to convert the 6-phospho-D-gluconolactone (derived from G-6-P) to 6-PG. No 6-PG was detected in SBE-MB3 preparations containing G-6-P. Sedoheptulose was present in this extract.
The presence of TPN-linked G-6-P and 6-PG dehydrogenases in Mycobacterium smegmatis was reported by Volk and Myrvik (1956) . The enzymes associated with hexose monophosphate shunt were detected in M. phlei and M. tuberculosis (strains H37Rv and H37Ra; Goldman, 1961; Szafranski, 1956 ). Weber and Swartz (1960) reported the concentration of DPN to be six to eight times that of TPN in M. phlei sonic extracts. The cells were disrupted in cold 5% trichloroacetic acid for maximal recovery of DPN and TPN. The amount of DPN detected by chromatographic procedures in SBE and measured with lactic dehydrogenase was minimal. This small amount of DPN, and its contribution to the reduction of DPIP by G-6-P dehydrogenase, would appear from the data (Fig. 5) to be rather minor.
Addition of F-6-P to crude cell-free extract brings about the reduction of DPIP. This result suggests that phosphoglucoisomerase is functioning in connection with G-6-P dehydrogenase and TPNH-DPIP reductase. Reduction of TPN, as measured at 340 m,u, was observed in the absence of DPIP. This finding suggests that the G-6-P present in the cell-free extract would not be metabolized via the glycolytic pathway. It would appear that, in addition to the impaired hexose monophosphate shunt mechanism, the glycolytic pathway is also disrupted by sonic treatment of the M. phlei cells.
Of interest is the presence of substrate concentrations of G-6-P in cell-free bacterial extracts. The normal metabolic pathway for production of G-6-P from glycerol, the carbon source in the culture medium, is presumed to be via triosephosphate (Goldman, 1961) . It is difficult to reconcile the findings with F-6-P mentioned above with the accumulation of G-6-P from glycerol via triosephosphate.
